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Photograph of drilling rig on well H01 with 4 ½-inch diameter drill bit (August 21, 1977 
Introduction
The Idaho geothermal project was started in 1973 under Aerojet Nuclear Company at the National Reactor Testing Station with funding from the U.S. Atomic Energy Commission (Kunze and Miller, 1974) . The purpose of the project was to develop the geothermal resource in the Raft River Valley for the generation of electricity. U.S. Geological Survey (USGS) investigators did earth science studies of geology, geophysics, hydrology, and water chemistry and drilled auger holes and intermediate-depth core holes. Work continued on the project at the renamed Idaho National Engineering Laboratory with funding from successor agencies: the Energy Research and Development Administration and then the U.S. Department of Energy. Results of the earth science studies were reported in Williams and others (1976) , Mabey and others (1978) , Ackermann (1979) , Keys and Sullivan (1979) , others (1980, 1982) , and Urban and others (1986) . Seven deep production and injection wells were drilled (Dolenc and others, 1981) , and a 5-megawatt electric binary-cycle power plant was installed and operated in 1981 and shut down in 1982 (Bleim, 1983 . The property was acquired by U.S. Geothermal in 2002, and a 13-megawatt power plant was constructed and brought on line in 2007 (Bradford and others, 2013) .
In order to better define the size of the thermal anomaly, the USGS drilled a series of intermediate-depth wells in 1977 and 1978 with funding from the USGS Geothermal Research Program. The wells were completed with cemented casing in order to prevent water flows within the drill holes. Because data for the wells have not been previously published, this report now presents geologic, geophysical, and temperature data for these drill holes. In addition, data not previously published are reported for five wells drilled by the Idaho National Engineering Laboratory with U.S. Department of Energy funding. Data for wells previously reported by Urban and others (1986) are also included in order to make them available now in digital form. This report contains a summary discussion of the data, and the complete data files are included as appendixes. The data from all wells are used to define the areas of thermal anomalies.
Methods
The twenty-four wells designated the H series were drilled to 80 feet with a diameter of 7 7 / 8 inch using a rotary drilling rig. Welded casing 5 inches in diameter was placed in the well. Cement was mixed onsite, pumped down the casing, and followed by a wiper plug and water. The casing plug was drilled out with 4½-inch-diameter drill bit, and drilling was continued to a nominal 500 feet ( fig. 1 ). Drill cuttings were collected every 5 feet and used to develop lithologic logs. Geophysical logs were run using one tool for caliper and resistivity and a second tool for natural gamma ray, with the data recorded on chart paper. Resistivity logs were calibrated using a calibration box, and caliper logs with a jig at 4, 6, and 8 inches to hold the caliper arms. Gamma ray logs were recorded as counts per second, with a calibration recorded at 200 American Petroleum Institute (API) units. All logs on chart paper were digitized at a later date. The resistivity logs were digitized using an arbitrary100-count scale along with the nonlinear resistance calibration recorded on the same scale. The resistance calibration is in ohms, and the relation of the resistance in ohms to the formation resistivity in ohm meters is unknown. After logging was completed, threaded casing of 2-inch diameter was placed in the hole with joint compound on the threads. Cement was pumped down the casing followed by a latching wiper plug and water. Drill hole H06 did not have 2-inch casing installed because it became artesian, and well H41 did not have 2-inch casing installed because time ran out at the end of the drilling program. Inclinometer measurements were made at discrete depths using hydrofluoric acid in small test tubes and are reported in appendix A. Methods of measuring temperature versus depth evolved over the time period of logging wells at Raft River. The earliest measurements were made by stopping at discrete depths and recording the resistance of the thermistor attached to a four-conductor cable. The next step was logging at a fixed speed ( fig. 2) , with resistances recorded at specified depths using a teletype with paper tape. The final configuration was logging at a fixed speed with resistances converted to temperature in a Tektronix® 4051 computer and recorded on paper tape. Plots of temperature versus depth show the recorded data points as individual points. Further details of logging methods and calibration are given in Urban and others (1987) . For wells that had pressure at the wellhead, pipes and a packing gland were added to keep the well from flowing ( fig. 3 ).
Drill Hole Data
Locations of wells with data reported in this study are shown in figure 4 , and location, depth, and drilling-date information are given in table 1, with letter codes for the location data in figure 5 . Data for these wells, along with data for the auger holes reported in Urban (1986) , are given in the appendixes. Wells drilled for this study are the H series, and the wells contracted by the Idaho National Engineering Laboratory are the HF series. Additional wells listed are those drilled earlier by the USGS (Crosthwaite, 1976) , the deep wells in the RRGE series, and various other wells drilled by others that we were allowed to make temperature measurements in.
Geologic and geophysical data were collected along with temperature logs to select appropriate depths for measurement of thermal conductivity. Although we were not able to measure thermal conductivities, it is worth exploring detailed relationships between lithology and geophysical logs, and figure 6 shows these data for well H04. The lithology is sedimentary, with layers of siltstone, claystone, and conglomerate. The natural gamma-ray and resistance logs have a fair amount of variation, with layers of high and low values in each. There is no obvious relation between the lithologic character of the cuttings and the natural gamma-ray and resistance logs. The relation between the natural gamma-ray and resistance logs appears to change below a depth of around 450 ft. Above this depth, they seem to vary independently, whereas below this depth they appear to track together in that an increase (or decrease) in the values for one corresponds to an increase (or decrease) in the other. The temperature gradient values systematically decrease from ~80 °C/km to ~60 °C/km from a depth of about 90 ft to 300 ft. Such a systematic decrease is not reflected in any trend in either the lithology or the geophysical logs, and it most likely reflects vertical flow of water in the surrounding rocks (see discussion below). Below 450-ft depth, there are alternating layers of high and low temperature gradient values. There does seem to be a correspondence between the alternating layers in the temperature gradient values and changes in the geophysical log values. If one were sampling for thermal conductivity measurements, these alternating layers would be worth sampling to check whether the heat flow is constant through this lower part of the section. The upper 300 ft, with its water flow, would not be very good for assessing the deeper heat flow.
The theory for the effect of a vertical flow of water on temperatures was developed by Bredehoeft and Papadopulos (1965) . For a layer with a temperature T 0 at the top and T L at the bottom with water flowing at velocity v downwards, the temperature distribution is:
where z is depth, ρ w and c w are, respectively, the density and specific heat of water, L is the length of the layer, and k is the thermal conductivity of the formation. Differentiating this result, the temperature gradient is:
Thus, plotting the temperature gradient on a log scale versus a linear scale for depth results in straight-line behavior. The temperature gradient for well H04 is a linear function of depth on a log scale from about 93 to 295 ft, with some variation about this linear dependence ( fig. 6 ). The estimated velocity is -0.026 m/y. The curvature in the profile ( fig. 7) is not large, but for other wells discussed below, it is much stronger, and their flow velocities are larger in magnitude (table 2) .
Thermal conductivities were measured for a number of wells at Raft River (table 3) , and the data are plotted in Nathenson and others (1980) and Urban and others (1986) . Measurements were done using the needle-probe technique, which tends to result in significant scatter in values (Urban and others, 1986) . This is reflected in the large values for the standard deviation given in table 3, a better measure of the uncertainty than the standard error (the large number of measurements results in small values that are misleading). Despite the large uncertainties, a considerable range in values for thermal conductivity is evident from the four wells. Well I.D. 5 has a significant amount of quartz monzonite in brecciated blocks or as part of conglomerate (Crosthwaite, 1976; H.R. Covington, written commun., 1977) . Temperatures for well I.D. 5A (near I.D. 5 but deeper) are given in figure 10, and there are two zones of differing gradients. Heat flows calculated with the two gradients and average thermal conductivities differ by 10 percent (table 3) . Thermal conductivities in the three other wells are significantly lower. Because these three wells are in the thermal area (see below), the temperature gradients and heat flows have a wide range and cannot be used to judge whether one value of thermal conductivity is more representative of the sediments in the valley than another. Urban and others (1986) chose amongst the values in table 3 to calculate heat flows for other wells, but we shall use temperature gradients instead.
Although the detailed variations discussed above are interesting, they are not very helpful without measurements of thermal conductivity. For purposes of defining the thermal anomaly for the geothermal system, we will focus on temperature gradients calculated over longer depth intervals based on the appearance of reasonably linear segments chosen by eye on a temperature versus depth plot. Figure 7 shows the selected temperature gradients in well H04. The temperature gradients over long depth intervals miss the detailed variations in figure 6, but they are reasonably representative.
Estimates of such representative gradients are provided in table 4 and shown on a map of drill hole locations in figure 8. The temperature versus depth data for some drill holes are reasonably represented by a single gradient, whereas others require two gradients. The map showing temperature gradients can be reasonably divided into a large area of regional gradients and smaller areas defining the thermal anomalies. The thermal anomalies are defined as having a temperature gradient >70 °C/km. The basis for the contours is further developed in the next section. The area of the main thermal anomaly is shown open towards the Jim Sage Mountains, as no thermal data constrain its extent in that direction. The thermal anomaly at Almo 1 is shown as a small area also open towards the Jim Sage Mountains. Figure 9 repeats the temperature gradients from figure 8 and outlines areas with the figure numbers for the following plots of temperature versus depth. Figure 10 shows data for I.D. 5A and other drill holes in the northwest part of the Raft River Valley. Well I.D. 5 was drilled to a depth of 718 ft to measure regional heat flow (Nathenson and others, 1980) , and well I.D. 5A was drilled nearby to a depth of 1,197 ft to assess if the temperature gradient continued to greater depth. The gradients from 500 ft to total depth are 44.2 °C/km in I.D. 5 and 44.9 °C/km in I.D. 5A, essentially the same. Drill hole H05 has a somewhat erratic profile, but the overall gradient of 56 °C/km (table 4) is somewhat less than the upper gradient of 64 °C/km in I.D. 5A. The bottom section of H05 has a gradient of 176 °C/km from 488 to 500 ft, and this very high gradient probably reflects a water flow. Drill hole H03 has an irregular temperature versus depth profile, with three reasonably linear sections (table 4) and a nonlinear section at about 300-ft depth. Temperature gradients in the upper part of the profile are 56 and 70 °C/km, but from 440 to 508 ft, the gradient is 95 °C/km. This latter gradient is similar to the gradient in drill hole H07 of 89 °C/km, which is clearly much steeper than the other drill holes in this group ( fig. 10) . Drill hole H04 (fig. 7, discussed above) has an upper gradient of 72 °C/km and a deeper gradient of 53 °C/km. Drill hole H08 has a gradient of 65°C/km. Comparing the temperature versus depth plots for the various drill holes in figure 10 , some of the temperature gradients are quite variable, but the temperatures at a given depth group reasonably together. Drill hole H07 is clearly warmer, with a consistent gradient of 89 °C/km, and appears to define the boundary of the thermal anomaly. The gradients for well H06 are also high (table 4), but the well is shallow, has only surface casing, and is under artesian pressure. The well is in a saddle between the Jim Sage Mountains and Sheep Mountain just to the east, and the gradients are assumed to be influenced by hydrology. The Jim Sage Mountains are to the west of these drill holes ( fig. 9 ), and there is significant topographic relief to drive water flows in the subsurface. Some of the changes in temperature gradient could well be related to horizontal flows of water, and the temperatures in well H04 demonstrate vertical flow of water.
Temperatures in Drill Holes by Area
Drill holes in the eastern part of the Raft River Valley ( fig. 9 ) are generally cool ( fig.  11A ) and define the eastern extent of the thermal anomaly. Well H15 has a low gradient of 45 °C/km. Well H17 has two gradients of 43 and 66 °C/km, and the latter gradient is similar to the gradient of 68 °C/km in well H18. The temperatures in H17 and H18 are similar ( fig. 11A ). Wells H01 and H16 have strongly nonlinear temperature gradients ( fig. 11B ). This behavior reflects vertical flow of water downward in the surrounding rock as indicated by straight-line variation with depth of the log of the temperature gradient ( fig. 11B ). The straight-line fits to the log of the temperature gradient versus depth ( fig. 11B ) are pretty good matches. The velocity of water flow is 0.12 m/y in H01 and 0.072 m/y in H16 (downward). This would indicate groundwater recharge in the vicinity of the wells.
Although it does not appear that the wells are deep enough to get beyond the downward water flow, estimates of overall gradients are obtained by taking a temperature at depth where the straight-line behavior starts and a temperature at the total depth of the wells. These estimated gradients are 46 °C/km in H01 and 43 °C/km in H16, and the values are shown on figures 8 and 9. The overall temperature gradients in these wells are quite similar to that in H15 of 45 °C/km.
The reasons for the variations about the straight-line behavior of the log of the temperature gradients for wells H01 and H16 ( fig. 11B) are not clear. For well H01, most but not all of the variations in gradient shown in figure 11B also occur when plotting temperature gradients from the temperature log of July 30, 1979 (not shown). Thus the variations in gradient either reflect some variation with depth in the thermal regime in the surrounding rock or some variation caused by the influence of the drill hole completion. Although the casing was cemented from bottom to top, we have no measures to demonstrate that the cement prevents small flows of water over short distances. The casing joints used were 21 ft in length, and the wavelength of some of the anomalies are of that order. For some of the variations in well H01, the gradient first increases and then decreases with increasing depth. This is not to be expected if there were enhanced downward flow, and this behavior may indicate a small upward flow imposed on the temperature profile for downward flow in the formation. Given that these drill holes were completed using methods designed for high-quality measurements of temperature versus depth, these unexplained variations, noticeable because of the high precision of the temperature measurements, may reflect our inability to stop small variations caused by imperfect drill hole completion.
Temperature gradients in the area just to the north of the deep wells RRGE 1, 2, and 3 ( fig. 9 ) are significantly higher than those in areas farther north and to the east. Temperature gradients are 89 °C/km in H07 and 88 and 78 °C/km in upper and lower parts of H02. Temperatures are higher in wells HF1 and HF2 ( fig. 12) , as are the temperature gradients ( fig. 9 ). The temperature profiles in HF1 and HF2 may reflect water flows within the annulus between the casing and drill hole, because cement was probably added only from above. Well I.D. 1 has rather variable temperature gradients but becomes warmer than H02 and H07 below 350 ft. Notable but small jumps in temperature in well H02 occur at depths of 288, 330, 372, and 414 ft. In each case, the difference in depth between the jumps is 42 ft or two casing lengths. The calibrated inclinometer angle from vertical is 4.8° at 260 ft, 9.5° at 360 ft, and 7.9° at 460 ft, and it seems likely that the sinker bar above the temperature probe was sliding along the casing. It would appear that the sinker bar was slightly hanging up at some of the casing joints, reducing the tension in the cable, and then being released from the impediment and falling and retensioning the cable to rapidly increase the temperature. However, the temperature jumps range from 0.1 to 0.14 °C. The amount that would happen from lowering the cable along the temperature gradient by 2 ft is 0.05 °C, and the extra temperature increase represents the probe dropping an additional 2 to 4 feet. The amount of slack before the cable goes completely slack in the logging truck at these depths in 2-in casing is probably only 2 feet and may not be as large as 4 ft.
Temperature gradients in the area of the deep wells RRGE 1, 2, and 3 ( fig. 9 ) are quite high. The highest temperatures are in Shuter's Hot Well (SHW), reaching nearly 94 °C at 402 ft ( fig. 13 ). Well H09, about 3,000 ft northwest and about 100 ft higher in elevation, has a somewhat lower gradient, and temperatures reach 44.4 °C at 548 ft. Similar to Shuter's Hot Well, H09 has nearly isothermal temperatures in the bottom part of the well. Wells I.D. 2 and I.D. 3 also have high gradients ( fig. 9) and temperatures (fig. 13 ). To the southeast, well HF3 has a lower gradient and well H14 has a gradient that is approximately regional in value (56 °C/km).
Temperatures in The Narrows area ( fig. 14A ) show the effect of horizontal flow of warm water. Well I.D. 4 has a temperature of 42.5 °C at 80 ft. The form of the profile indicates that either the flow of warm water started at a relatively recent time (see, for example, Ziagos and Blackwell, 1986) or that the flow overlies a flow of cooler water to explain the temperature reversal. Auger Hole A.H. 13-N is about 500 ft north of wells H10 and H30 and has a temperature of 78.3 °C at a depth of 51 ft. Wells H10 and H30 are immediately adjacent to each other. Well H30 was drilled to try to get below the temperature reversal, but the reversal continued to total depth of 898 ft. The temperature profiles in H10 and H30 are broadly similar. The maximum temperature in H10 is 67.1 °C at a depth of 325 ft, and that in H30 is 71.5 °C at a depth of 364 ft. The reason for the difference in temperature and depth of maximum temperature is unclear. The upper part of the profile in H30 suggests water flows from incompletely cemented casing. Both wells intercept rhyolite lava flows below 260 ft. The varying depths and values of maximum temperatures indicate that the fluid-flow system is quite complex.
Temperatures for the cooler wells in The Narrows are shown in figure 14B , along with temperature gradients for H11 and H12 on a log scale. The temperature gradient in the upper part of H12 is 171 °C/km. The lower part has an upward flow of water as shown by the curvature in the temperature versus depth plot ( fig. 14B) , and the plot of the log of the temperature gradient versus depth is linear from 195 to 517 ft, confirming this behavior. The vertical velocity is -0.13 m/y (upwards). The temperature gradient in the lower part of H12 is 75 °C/km. Well H35 has a temperature gradient of 164 °C/km. Temperatures in H12 and H35 are similar, though H35 is hotter near its bottom. Representative temperature gradients in the middle and lower parts of H11 are 120 and 100 °C/km, respectively. The temperature profile in well H11 shows both a downflow of water in its middle part and an upflow in its lower part (fig. 14B ). The velocity in the upper part of H11 is 0.094 m/y and in the lower part -0.23 m/y. Thus the upward flow in the bottom part of H11 and the downward flow in the middle depth range exit at a depth of around 400 ft and become a horizontal flow of water. This depth coincides with the bottom of the brecciated zone at the top of the rhyolite lava flow ( fig. A-46 ) and with the depth where resistance and natural gamma-ray values increase ( fig. A-48) . Well H13 has temperature gradients of 48 and 97 °C/km in the middle and lower parts, respectively, and an overall gradient of 73 °C/km. Temperatures in H11 and H13 are less than in H35 and H12, and the lower temperatures in these wells reflect the approach to regional temperature gradients away from the thermal anomaly ( fig. 8) .
Wells HF4 and HF5 are between The Narrows and the deep wells RRGE 1, 2, and 3, and figure 15 shows data for them along with data for H12. Wells HF4 and H12 have similar temperatures in their upper parts, though both have upward flows of water and lower temperature gradients in their deeper parts. Well HF5 is between these two wells and has lower temperatures and temperature gradients (80, 109 °C/km). The cooler behavior of HF 5 suggests a separation between the system found in the deep wells and the system found in The Narrows area.
Data for wells in the Upper Raft River Valley are given in figure 16 . Almo 1 is an artesian well. Although temperatures in Almo 1 were measured through a packing gland, the high temperature at the surface indicates that the temperatures are probably still disturbed from previous episodes of flow. The maximum temperature in the well is 73.6 °C at a depth of 484 ft, indicating the presence of flowing thermal water in the formation. The other wells are significantly cooler, with the warmest being H35 on one edge of the thermal anomaly in The Narrows. Almo 2, to the west of Almo 1, has a gradient of 50 °C/km, similar to regional values in other wells. Well H21 to the south has gradients of 52 and 89 °C/km in its upper and lower parts, respectively, but its temperatures are not particularly high. Well H19 has a gradient of 53 °C/km in its middle part, with a very low gradient below. The general behavior of the wells surrounding Almo 1 indicates that the thermal anomaly is relatively local but open towards the Jim Sage Mountains.
Conclusions
Combining data for the wells drilled as part of this study with those previously drilled allows better definition of the thermal anomalies in the Raft River area. A somewhat surprising finding is that many wells are affected by vertical water flows in the formation even when not within the active hydrothermal system. Obtaining quality temperature gradients in the sediments of the Raft River Valley was difficult, though it was possible to obtain reasonably representative temperature gradients in many wells. Some of the variations in temperature gradient are probably due to variations in thermal conductivities, but thermal conductivity data are lacking. Temperature gradient data are shown with the bottom (log) scale and are calculated over 10-foot intervals with the value plotted near the mid-point of the interval. Straight-line match to the natural log of the temperature gradient is shown. See figure A-1 for lithology symbol key. For Salt Lake Formation see Williams and others (1982) . 
